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A s  gas t u r b i n e  technology con t inues  to  advance, t h e  need for advanced 
l i f e  p r e d i c t i o n  methods for  h o t  s e c t i o n  components i s  becoming more and more 
e v i d e n t .  The complex l o c a l  s t r a i n  and temperature h i s t o r i e s  a t  c r i t i c a l  
l o c a t i o n s  must be a c c u r a t e l y  i n t e r p r e t e d  t o  account for t h e  e f fec ts  o f  v a r i o u s  
damage mechanisms (such as f a t i g u e ,  creep, and o x i d a t i o n )  and t h e i r  p o s s i b l e  
i n t e r a c t i o n s .  As p a r t  o f  t h e  o v e r a l l  NASA HOST e f fo r t ,  t h i s  program i s  
designed to  i n v e s t i g a t e  these fundamental damage processes, i d e n t i f y  model ing 
s t r a t e g i e s ,  and develop p r a c t i c a l  models which can be used t o  gu ide  t h e  e a r l y  
des ign  and development of new engines and to  inc rease  t h e  d u r a b i l i t y  o f  
e x i s t i n g  engines. 
T h i s  c o n t r a c t  has r e c e n t l y  been m o d i f i e d  to  be a 6-year e f f o r t ,  c o n s i s t -  
i n g  o f  a 2-year base program and a 4-year o p t i o n  program. Two d i f f e r e n t  
i s o t r o p i c  m a t e r i a l s  (B1900+Hf and INCO 718) w i l l  be used, a long  w i t h  two 
p r o t e c t i v e  c o a t i n g  systems ( o v e r l a y  and d i f f u s i o n  a l u m i n i d e ) .  The base 
program, which was completed d u r i n g  1984, i n c l u d e d  comparison and e v a l u a t i o n  
of seve ra l  popu la r  h igh- temperature l i f e  p r e d i c t i o n  approaches as a p p l i e d  t o  
c o n t i n u o u s l y  c y c l e d  i so the rma l  specimen t e s t s .  The o p t i o n a l  program, of which 
t h r e e  yea rs  have been completed, i s  designed to  develop models t h a t  can 
account for complex c y c l e s  and load ings ,  such as thermomechanical c y c l i n g ,  
cumu la t i ve  damage, m u l t i a x i a l  s t r e s s i s t r a i n  s t a t e s ,  and env i ronmenta l  e f f e c t s .  
The base program has a l r e a d y  been d iscussed i n  r e f e r e n c e  1 and t h e r e f o r e  no 
a d d i t i o n a l  r e v i e w  o f  t h a t  work w i l l  be presented i n  t h i s  paper.  
THERMOMECHANICAL MODEL DEVELOPMENT 
A s i g n i f i c a n t  t a s k  under t h e  o p t i o n  program i s  t h e  development o f  a l i f e  
p r e d i c t i o n  model which i s  v a l i d  under c o n d i t i o n s  o f  thermomechanical f a t i g u e  
(TMF) .  The specimen t e s t i n g  under t h i s  t a s k  was completed i n  December, 1986, 
w i t h  a t o ta l  o f  55 B1900+Hf TMF specimen t e s t s .  O f  these, 32 specimens w e r e  
t e s t e d  i n  t h e  uncoated c o n d i t i o n ,  12 had N i C o C r A l Y  o v e r l a y  c o a t i n g ,  and 11 had 
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d i f f u s i o n  a lum in ide  c o a t i n g .  The t e s t  v a r i a b l e s  i n c l u d e d  s t r a i n  range, 
temperature range, mean s t r a i n ,  c y c l e  type,  and h o l d  t imes .  The c o n d i t i o n s  
were chosen t o  complement b o t h  t h e  uncoated TMF t e s t s  and t h e  b a s e l i n e  
i so the rma l  f a t i g u e  t e s t s .  P a r t i c u l a r  a t t e n t i o n  was focused on t h e  low s t r a i n ,  
h i g h  l i f e  regime, s i n c e  modern turbomachinery i s  t y p i c a l l y  designed for  good 
d u r a b i l i t y .  Some o f  t h e  non-standard c y c l e  t ypes  used (such as e l l i p t i c a l  and 
dogleg c y c l e s )  have demonstrated t h a t  TMF damage cannot always be p r e d i c t e d  i n  
t h e  same manner as i so the rma l  t e s t s .  The model chosen must be s e n s i t i v e  t o  
accumulat ion o f  damage from any a r b i t r a r y  s t r a i n - s t r e s s - t e m p e r a t u r e  c y c l e  and 
y e t  be p r a c t i c a l  f o r  use i n  des ign  a p p l i c a t i o n s .  
Ten b a s e l i n e  coated TMF specimen t e s t s  were completed a t  two nominal  
s t r a i n  ranges, u s i n g  b o t h  in-phase and out-of-phase c y c l i n g .  The temperature 
range was 538-871°C (1000-16OO0F~, and t h e  c y c l i c  r a t e  was 1 CPM. Bo th  f u l l y  
reve rsed  and one-way compression s t r a i n  c y c l e s  w e r e  used, b u t  t h e r e  was no 
obv ious e f f e c t  o f  mean s t r a i n  on specimen l i f e .  A p l o t  o f  i n i t i a t i o n  l i f e  vs.  
t o t a l  mechanical s t r a i n  range i s  shown i n  F i g u r e  1 ,  a long  w i t h  median l i f e  
l i n e s  from uncoated TMF t e s t s  a t  t h e  same c o n d i t i o n s .  Note t h a t  t h e  coated 
d a t a  l i e  app rox ima te l y  2X h i g h e r  i n  l i f e  t han  t h e  uncoated da ta ,  i n d i c a t i n g  
t h a t  f o r  these c o n d i t i o n s ,  t h e  c o a t i n g s  reduced t h e  damage done by  mechanisms 
such as o x i d a t i o n .  I t  i s  known, however, t h a t  t h e  r e v e r s e  i s  o f t e n  t r u e :  
c o a t i n g s  can themselves reduce t h e  l i f e  under c e r t a i n  TMF s t r a i n  c y c l e s .  For 
example, a "dogleg" c y c l e  o v e r l a y  coated specimen t e s t  was a l s o  run ,  u s i n g  a 
non- isothermal s t r a i n  h o l d  a t  t h e  minimum c y c l e  s t r a i n  combined w i t h  a r a p i d  
( 6  second) f u l l y  reve rsed  i so the rma l  s t r a i n  e x c u r s i o n  a t  t h e  minimum tempera- 
t u r e .  Th is  t e s t  produced an i n i t i a t i o n  l i f e  which was lower t h a n  what had 
been observed for  an uncoated specimen. T h i s  once a g a i n  serves t o  emphasize 
the  need t o  understand and model t h e  a c t u a l  damage mechanisms a c t i v e  under 
these c o n d i t i o n s .  Simple da ta  c o r r e l a t i o n s  based on one or t h e  o t h e r  c y c l e  
t ype  may n o t  always g i v e  c o n s e r v a t i v e  p r e d i c t i o n s .  
Perhaps t h e  most i n t e r e s t i n g  r e s u l t s  o b t a i n e d  d u r i n g  t h i s  t a s k  a r e  those 
from t h e  e l l i p t i c a l  c y c l e  t e s t s  ( s t r a i n  and temperature a r e  s i n u s o i d a l  w i t h  
t ime  and s h i f t e d  i n  phase by +135"). F i v e  coated specimen t e s t s  w e r e  
completed under t h i s  s e r i e s ,  i n c l u d i n g  two c lockw ise  (CW) and t h r e e  
coun te rc lockw ise  (CCW) c y c l e s .  The CCW c y c l e  i s  a good s i m u l a t i o n  o f  t h e  
s t r a i n - t e m p e r a t u r e  h i s t o r y  exper ienced by many a c t u a l  h o t  s e c t i o n  components. 
A l though t h e r e  a r e  some components which have a CW movement around t h e i r  
s t ra in - tempera tu re  h i s t o r y ,  t h e  CW c y c l e  r e s u l t s  a re  most v a l u a b l e  when 
compared t o  t h e  CCW r e s u l t s ;  t h e  o n l y  apparent  d i f f e rence  i s  t h e  d i r e c t i o n  o f  
mot ion around t h e  l o o p .  F i g u r e  2 shows a p l o t  of t h e  e l l i p t i c a l  t e s t  r e s u l t s  
f o r  t h e  coated specimens r e l a t i v e  t o  the  median l i v e s  from t h e  out-of-phase 
coated t e s t s .  I t  i s  c l e a r  t h a t  t h e r e  i s  app rox ima te l y  a 5X i n i t i a t i o n  l i f e  
d i f f e r e n c e  between t h e  two types of c y c l e s .  Note t h a t  l i f e  p r e d i c t i o n  methods 
based s o l e l y  on t h e  extremes o f  t h e  c y c l e  w i l l  n o t  be a b l e  t o  p r e d i c t  t h i s  
behav io r ,  s i n c e  t h e y  cannot d i s t i n g u i s h  between these two c y c l e s .  To account 
f o r  such c y c l e  dependent e f f e c t s ,  an advanced incrementa l  form o f  t h e  CDA l i f e  
p r e d i c t i o n  model i s  under development which can be i n t e g r a t e d  around any 
a r b i t r a r y  s t r a i n - t e m p e r a t u r e  h i s t o r y  curve.  Four o t h e r  coated specimens were 
a l s o  r u n  u s i n g  v a r i o u s  types o f  TMF c y c l e s  i n v o l v i n g  b o t h  i s o t h e r m a l  and 
non- isothermal h o l d  t imes.  These a l s o  showed s t r o n g  e f f e c t s  o f  c y c l e  p a t h  on 
i n i t i a t i o n  l i f e .  
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Four o the r  coated specimens were run  a t  a h igher  temperature range 
(1000-1800°F) t o  determine i f  t rends seen a t  the  base l ine  temperature range 
would s t i l l  ho ld  t rue .  F igure  3 shows these r e s u l t s ,  and a l l  the da ta  are 
seen t o  be s h i f t e d  lower i n  l i f e  than the  median data a t  the base l ine  
temperatures. However, note t h a t  the l i f e  increase for  an e l l i p t i c a l  cyc le  
r e l a t i v e  t o  an out-of-phase cyc le  i s  s t i l l  present .  
F igures 4 and 5 show o p t i c a l  micrographs o f  f r a c t u r e  surfaces t y p i c a l  o f  
those observed du r ing  the  coated TMF t e s t i n g .  
surfaces were h e a v i l y  ox id ized ,  making exact  de terminat ion  of  the l o c a t i o n  of  
the crack o r i g i n  d i f f i c u l t .  However, the  t y p i c a l  crack i n i t i a t i o n  s i t e  was i n  
the  coat ing  surface, o f t e n  accompanied by e i t h e r  l o c a l i z e d  p o r o s i t y  or small 
a l lowable defects  i n  the  coat ing.  The l i v e s  from specimens which f a i l e d  from 
I D - i n i t i a t e d  cracks were adjusted to  r e f l e c t  the  growth o f  cracks on the  
coated OD surface on ly .  
I n  general ,  the f r a c t u r e  
Several mod i f i ca t i ons  t o  the bas ic  C y c l i c  Damage Accumulation l i f e  
p r e d i c t i o n  model developed du r ing  the  base program are  being considered, 
i n c l u d i n g  convent ional  c y c l i c  v a r i a b l e  methods and incremental  techniques. 
F igure 6(a) shows a c o r r e l a t i o n  of i n i t i a t i o n  l i f e  data from the uncoated TMF 
t e s t i n g  us ing  t o t a l  s t r a i n  range alone, and F igure  6(b) shows the  same data  
co r re la ted  us ing  the  s t ress  range and the maximum s t ress  as a d d i t i o n a l  
parameters as used by the  CDA model. 
the  coated TMF data.  I n  both cases, the  c o r r e l a t i o n  i s  improved us ing  the 
a d d i t i o n a l  parameters, b u t  obv ious ly  more work i s  needed t o  ensure good 
p r e d i c t i o n s  i n  cases where no data i s  a v a i l a b l e  for  reference.  Work i s  
con t i nu ing  on the incremental  model, which i s  expected t o  be ab le  to  m e e t  t h i s  
goal . 
Figure 7 shows the same c o r r e l a t i o n s  for  
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MULTI-AXIAL STRESS STATE MODEL 
The specimen testing portion of this task has now been completed, 
comprising a total of 26 tests using thin-walled (0.050 in.) tubular 
specimens. 
tension, simple torsion, combined in-phase tension-torsion (proportional 
loading), and combined 90" out-of-phase tension-torsion (non-proportional 
loading). The torsion-to-tension ratio was 1.5 for all the combined strain 
tests. The additional variables investigated were temperature, strain range, 
and strain rate. Figure 8 shows a typical dislocation structure for an 
out-of-phase, non-proportional test, showing wavy dislocation segments that 
are roughly parallel to one another and surrounding the gamma prime particles. 
This structure is similar to what was observed following both pure torsion and 
in-phase proportional tests. 
Four types of strain cycles were employed in these tests: simple 
I Yrn 
MULTIAXIAL SPECIMEN 2 1 6  DISLOCATION STRUCTURE AFTER 90" OUT-OF-PHASE 
TENSION-TORSION TESTING (1600"F ,  LIE = t0 .250%, A?'= ~ 0 . 3 7 5 2 ,  90" O u t - o f - P h a s e ,  
IOCPM, I n i t i a t i o n  L i f e  = 1 2 5 0  C y c l e s ,  T o t a l  T e s t  L i f e  = 1973 C y c l e s ) .  
FIGURE 8 
Several data correlation methods have been investigated for the multiaxial 
loading tests, including equivalent strain, maximum shear strain, plastic work, 
and maximum normal strain range. The first three parameters had only limited 
success, due in part to their inability to predict correctly the somewhat 
higher lives resulting from the pure torsion tests. Also, the data showed very 
little cyclic inelasticity, which made any theory based on inelastic quantities 
v e r y  d i f f i c u l t  t o  a p p l y .  
1000°F and 1600°F c o r r e l a t e d  u s i n g  maximum normal s t r a i n  range.  The d a t a  i s  
f a i r l y  w e l l  grouped, w i t h  t h e  out-of-phase t e s t s  and t h e  a x i a l  d a t a  b e i n g  t h e  
l owes t .  The in-phase t e n s i o n - t o r s i o n  and t h e  s imple t o r s i o n  t e s t s  s t i l l  t e n d  
t o  be somewhat h i g h e r  than  t h e  o t h e r  c o n d i t i o n s ,  b u t  t h e  sample s i z e  i s  too 
smal l  to  draw s t a t i s t i c a l l y  s i g n i f i c a n t  conc lus ions .  Note t h a t  t h e  e f f e c t  o f  
c y c l i c  r a t e  i s  e v i d e n t  a t  b o t h  temperatures;  no e f f e c t  o f  c y c l i c  r a t e  was 
observed d u r i n g  t h e  b a s e l i n e  u n i a x i a l  t e s t i n g  a t  1000°F. 
F i g u r e  9 shows t h e  r e s u l t s  of t h e  t e s t i n g  a t  b o t h  
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ENVIRONMENTAL ATTACK MODEL 
A c o n t r o l l e d  atmosphere c r e e p - f a t i g u e  t e s t  m a t r i x  w i t h  27 specimen t e s t s  
has been determined f o r  t h i s  t a s k .  The i n i t i a l  9 sc reen ing  t e s t s  a r e  b e i n g  
conducted i n  t h r e e  d i f f e r e n t  env i ronments:  l a b  a i r ,  h i g h  p ressu re  oxygen (same 
p a r t i a l  p ressu re  as encountered i n  h i g h  p ressu re  t u r b i n e s ) ,  and h i g h  p u r i t y  
argon.  The rema in ing  18 t e s t s  w i l l  use t h e  env i ronment  which produces t h e  
l a r g e s t  e f f e c t  and w i l l  examine sequence e f f e c t s  t o  suppor t  development o f  an 
advanced l i f e  model which can account  f o r  t h e  observed l i f e  t r e n d s .  
The s t a i n l e s s  s t e e l ,  low p ressu re  chamber f o r  t h i s  t a s k  has been completed 
and overpressure  t e s t e d .  F i g u r e  10 shows t h e  water-cooled MTS extensometer  i n  
p l a c e  i n  f r o n t  o f  t h e  specimen. A t o t a l  o f  8 i n i t i a l  sc reen ing  t e s t s  i n  l a b  
a i r  and 75 p s i a  oxygen have been completed a t  b a s e l i n e  c o n d i t i o n s  a t  b o t h  1600 
and 1800°F. The l i v e s  i n  t h e  h i g h  p ressu re  oxygen a r e  l e s s  t han  h a l f  o f  t h e  
b a s e l i n e  va lues  f o r  t h e  s low r a t e  t e s t s ,  i n d i c a t i n g  a s t r o n g  env i ronmenta l  
e f f e c t  on f a t i g u e  l i f e  under these c o n d i t i o n s .  The chamber has now been f i t t e d  
w i t h  a Cen to r r  argon 
t r i a l s  show t h a t  t h e  
p u r i f i e r  t o  assure v e r y  low oxygen l e v e l s ,  and i n i t i a l  
env i ronment  i s  s a t i s f a c t o r y .  
WATER COOLED EXTENSOMETER I N  ENVIRONMENTAL TEST CHAMBER 
FIGURE 10 
4 3 2  ORIGINAL FAGE IS 
OF POQR QUALITY 
A t o t a l  of 8 o v e r l a y  coated  specimen t e s t s  have been completed.  The 
coated  specimens showed i n i t i a t i o n  l i v e s  which w e r e  2X-7X h i g h e r  than  t h e  
l i v e s  o f  uncoated specimens r u n  a t  s i m i l a r  c o n d i t i o n s .  A p p a r e n t l y  t h e  e f f e c t  
o f  o x i d a t i o n  was s i g n i f i c a n t l y  reduced by t h e  c o a t i n g ,  so l o n g  as t h e  d u c t i l i t y  
o f  t h e  c o a t i n g  was n o t  exceeded. For example, F i g u r e  1 1  shows a specimen 
which exper ienced i n i t i a t i o n  from t y p i c a l  p o r o s i t y  i n  t h e  B1900+Hf s u b s t r a t e .  
The c rack  c l e a r l y  propagated outward from the  s u b s t r a t e  toward t h e  specimen 
su r face .  Th is  r e q u i r e s  a two-mode model t o  cap tu re  c o r r e c t l y  b o t h  c o a t i n g  and 
s u b s t r a t e  i n i t i a t i o n  l i v e s .  The c o a t i n g  l i f e  model be ing  developed under a 
companion HOST c o n t r a c t  ( r e f e r e n c e  2 )  i s  be ing  cons idered f o r  i n t e g r a t i o n  w i t h  
t h e  CDA model t o  accompl ish  t h i s  c a p a b i l i t y .  
c a m m ,  
64X 
SPECIMEN 117A (1600"F ,  A € =  0.5%. R=O, 10 CPM, I n i t i a t i o n  L i f e  = 3799  C y c l e s ,  
S e p a r a t i o n  L i f e  = 4041 C y c l e s ) .  
( a )  O p t i c a l  and  ( b )  SEM M i c r o g r a p h s  S h o w i n g . C r a c k  O r i g i n  a t  P o r o s i t y  i n  t h e  
Base M a t e r i a l .  
FIGURE 11 
CYCLIC MEAN STRESS MODEL 
A t o t a l  of 25 c o n t r o l l e d  mean s t r e s s  t e s t s  a r e  p lanned fo r  t h i s  task ,  
i n c l u d i n g  f i v e  under TMF c o n d i t i o n s .  A l l  f i v e  TMF t e s t s  have been completed, 
u s i n g  l o a d  c o n t r o l  t o  ach ieve  t h e  d e s i r e d  mean s t r e s s .  The r e s u l t s  show t h a t  
t h e  l i v e s  under such c o n d i t i o n s  can be much lower  than what m igh t  be expected 
from a l i n e a r  combina t ion  o f  creep and TMF damage. The i so the rma l  p o r t i o n  o f  
t h i s  t e s t i n g  w i l l  be conducted by Prof. Ghonem a t  t h e  U n i v e r s i t y  o f  Rhode 
I s l a n d .  I n i t i a l  specimen t r i a l s  have been completed a t  t he  U R I  l a b  and have 
demonstrated t h e i r  c a p a b i l i t y  t o  reproduce P&W r e s u l t s  under b a s e l i n e  
c o n d i t i o n s .  
ALTERNATE MATERIAL TESTING 
A t o t a l  of 10 i so the rma l  f a t i g u e  t e s t s  u s i n g  INCO 718 m a t e r i a l  have now 
been completed. 
AMS 5663 f o r g i n g  used t o  produce these specimens has e x c e l l e n t  creep r e s i s t a n c e  
as w e l l  as good f a t i g u e  c a p a b i l i t y .  Tests a t  1200°F show l i t t l e  d i f f e r e n c e  
between 30 CPM and 1 CPM c y c l i c  r a t e s .  Creep, t e n s i l e ,  and m u l t i a x i a l  t e s t s  
a re  a l s o  underway, w i t h  a v iew t o  developing t h e  cons tan ts  needed f o r  t h e  CDA 
l i f e  model. O f  p a r t i c u l a r  i n t e r e s t  w i l l  be t h e  i n f l u e n c e  o f  t h e  pronounced 
c y c l i c  s o f t e n i n g  noted d u r i n g  a l l  t h e  f a t i g u e  t e s t i n g .  I t  i s  expected t h a t  
some m o d i f i c a t i o n  to  t h e  form of t h e  CDA model w i l l  be necessary t o  account  
f o r  t h i s .  
The r e s u l t s  so f a r  suggest t h a t  t h e  p a r t i c u l a r  r i n g - r o l l e d  
FUTURE TASKS 
F u r t h e r  work i s  c o n t i n u i n g  on a l l  t h e  above tasks ,  w i t h  the  goal  o f  
p roduc ing  a c r e e p - f a t i g u e  model, which i s  b o t h  p r a c t i c a l  and accu ra te .  D u r i n g  
t h e  l a s t  year  of t h e  c o n t r a c t  effort, t h e  focus  w i l l  con t i nue  t o  s h i f t  from 
g e n e r a t i o n  o f  t e s t  d a t a  t o  a n a l y t i c a l  model development a c t i v i t i e s .  The 
g e n e r a t i o n  o f  CDA model cons tan ts  f o r  INCO 718 w i l l  be completed, f o l l o w e d  by 
a d d i t i o n a l  r e f i n e m e n t  o f  t h e  CDA l i f e  p r e d i c t i o n  model. 
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